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(54) OPTICAL PULSE BURST FORMATION APPARATUS

(57) Optical pulse burst formation apparatus (100)
comprising:
a first interleaving stage (110) to receive an initial se-
quence (120) of optical pulses having an initial inter-pulse
period, comprising:
an optical splitter (112) to power split each optical pulse
of the initial sequence of optical pulses, thereby gener-
ating a first and second sequences of sub-pulses;
a first optical arm (114) to receive the first sequence,
having a first optical path length; and
a second optical arm (116) to receive the second se-
quence, having a second optical path length, different to
the first optical path length by a path length difference,

the path length difference configured to apply a time delay
to the sub-pulses of the second sequence such that a
relative time delay of that is substantially less than half
the initial inter-pulse period is introduced between
sub-pulses of the first sequence and sub-pulses of the
second sequence; and

an optical combiner (118) arranged to combine the first
sequence of sub-pulses and the second sequence of de-
layed sub-pulses to form a sequence (122) of optical
pulse bursts, each burst comprising a sub-pulse of the
first sequence and a delayed sub-pulse of the second
sequence.
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Description

[0001] The invention relates to optical pulse burst for-
mation apparatus and to optical pulse burst generation
apparatus. The invention further relates to a method of
optical pulse burst formation.
[0002] Bursts of ultrashort optical pulses are used to
achieve higher effective energy per pulse as compared
to single pulses and are used to increase processing
rates in ultrafast materials processing. Optical pulse
bursts are typically formed by pulse picking bursts of op-
tical pulses from a sequence of optical pulses, using, for
example, an acousto-optic modulator, AOM, or an elec-
tro-optic modulator, EOM.
[0003] When generating complex burst structures
where specific pulses inside a group of pulses are re-
moved from a burst, the minimum separation between
the pulses within the burst, which may be referred to as
sub-pulses, is limited by the seed pulse generator. In
addition, tailoring the pulse amplitude envelope shape is
limited by the rise and fall time of the AOM/EOM. Even
though faster modulators are available, for example Lith-
ium Niobate Mach-Zehnder Interferometer modulators,
they suffer from thermal drift and minimum cavity lengths
and required dispersion limits the maximum pulse repe-
tition rate that can be generated using optical fibre or bulk
optic modelocked oscillators.
[0004] Optical pulse sequences/trains having higher
pulse repetition rates can be formed by interleaving op-
tical pulse sequences using optical delay lines. The
lengths of the delay lines are chosen so that the pulse
repetition rate doubles with each interleaving stage while
the time between pulses (the inter-pulse separation)
halves while the pulses remain equally spaced in time.
This allows higher pulse repetition rates to be achieved
but still leaves the limitation, due to modulator rise time,
of having to select whole pulses when creating a burst.
Many interleaving stages are required to achieve a min-
imum inter-pulse separation, for example 1ns, because
the pulse repetition rate that can typically be generated
by modelocked oscillators is limited to 50-100 MHz.
[0005] US8309885 describes a laser processing sys-
tem according to one embodiment generates ultrafast
laser pulses with a temporal programmable burst mode.
A burst pulse laser includes a high repetition rate ultrafast
laser configured to deliver a pulse train with each pulse
in the train having an independently controlled amplitude.
The respective amplitudes of each ultrafast pulse in a
group or "burst" of pulses, along with the spacing be-
tween pulses, define a "burst envelope." In addition to
independently controlling the amplitude of each ultrafast
pulse in a burst of pulses, the system may also provide
selective control of spacing between each ultrafast pulse
and/or the overall temporal width of the burst envelope.
Thus, the system provides selective shaping of the burst
envelope for particular laser processing applications.
[0006] It is an object to provide an improved optical
pulse burst formation apparatus. It is a further object to

provide an improved optical pulse burst generation ap-
paratus. It is a further object to provide an improved meth-
od of optical pulse burst formation.
[0007] An aspect of the invention provides optical pulse
burst formation apparatus comprising a first interleaving
stage and an optical combiner. The first interleaving
stage is arranged to receive an initial sequence of optical
pulses having an initial inter-pulse period. The first inter-
leaving stage comprises an optical splitter, a first optical
arm and a second optical arm. The optical splitter is con-
figured to power split each optical pulse of the initial se-
quence of optical pulses, thereby generating a first se-
quence of sub-pulses and a second sequence of sub-
pulses. The first optical arm is arranged to receive said
first sequence. The first optical arm has a first optical
path length. The second optical arm is arranged to re-
ceive said second sequence. The second optical arm
has a second optical path length, different to the first op-
tical path length by a path length difference. The path
length difference is configured to apply a time delay to
the sub-pulses of the second sequence such that a rel-
ative time delay that is substantially less than half the
initial inter-pulse period is introduced between sub-puls-
es of said first sequence and sub-pulses of said second
sequence. The optical combiner is arranged to combine
the first sequence of sub-pulses and the second se-
quence of delayed sub-pulses to thereby form a se-
quence of optical pulse bursts. Each burst comprises a
sub-pulse of the first sequence and a delayed sub-pulse
of the second sequence.
[0008] The apparatus may enable very closely spaced
bursts of pulses to be formed, the pulses within the bursts
being closer than is possible by prior art methods. The
apparatus may also enable longer time gaps between
adjacent bursts, long enough to allow a conventional
modulator, such as a fibre coupled AOM, to switch states
from open to closed and thereby pulse-pick down to lower
burst repetition rates so that bursts can be amplified to
high energy. The apparatus may enable precise adjust-
ment of the pulse spacing and enables the pulse spacing
not to be locked to being an integral multiple of the initial
inter-pulse period. It may also enable a potential cost
reduction for fixed pulse burst parameters and reduce
the complexity of timing electronics required to form pulse
bursts. The apparatus addresses the issue of the mini-
mum separation between pulses in bursts being limited
by either the minimum rise time of an optical modulator
or the maximum repetition rate of the oscillator due to
optical design constraints and manufacturing con-
straints.
[0009] In an embodiment, the apparatus comprises an
additional interleaving stage arranged to receive the first
sequence of sub-pulses and the second sequence of de-
layed sub-pulses. Said additional interleaving stage com-
prises an optical splitter, a third optical arm and a fourth
optical arm. The optical splitter is configured to power
split each sub-pulse of the first sequence and is config-
ured to power split each delayed sub-pulse of the second
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sequence, thereby generating a third sequence of sub-
pulses and a fourth sequence of sub-pulses. The sub-
pulses of each said sequence comprise replicas of the
sub-pulses of both the first and second sequences. The
third optical arm is arranged to receive said third se-
quence. The third optical arm has a third optical path
length. The fourth optical arm is arranged to receive said
fourth sequence. The fourth optical arm has a fourth op-
tical path length, different to the third optical path length
by a path length difference. The path length difference
is configured to apply a time delay to the sub-pulses of
the fourth sequence. The optical combiner is configured
to combine the third sequence of sub-pulses and the
fourth sequence of delayed sub-pulses to thereby form
a sequence of optical pulse bursts each comprising sub-
pulses of the third sequence and delayed sub-pulses of
the fourth sequence.
[0010] In an embodiment, the apparatus comprises a
plurality of said additional interleaving stages. The optical
combiner is configured to receive from a final said addi-
tional interleaving stage respective sequences of sub-
pulses and delayed sub-pulses.
[0011] Advantageously, the number of pulses in a burst
can be adjusted by changing the number of interleaving
stages.
[0012] In an embodiment, the path length difference of
the first interleaving stage is configured to apply a time
delay to the second sub-sequence of optical pulses such
that there is a time delay of substantially less than half
the initial inter-pulse period between optical pulses of the
second sub-sequence of optical pulses and correspond-
ing optical pulses of the first sub-sequence of optical puls-
es.
[0013] The apparatus may enable very closely spaced
bursts of pulses to be formed. The apparatus may enable
the pulse spacing not to be locked to being an integral
multiple of the initial inter-pulse period.
[0014] In an embodiment, at least one optical arm in-
cludes variable delay apparatus configurable to imple-
ment one or more of a plurality of path length differences,
to apply one or more of a plurality of time delays, such
that one or more of a plurality of relative time delays is
introduced.
[0015] The variable delay apparatus may be arranged
in any optical arm of the optical pulse burst formation
apparatus which introduces a delay to pulses, such as
in the second optical arm. The variable delay apparatus
provides the advantage that the time separation of sub-
pulses within a burst can be changed by adjusting the
setting of the variable delay apparatus.
[0016] In some embodiments, the variable delay ap-
paratus comprises an optical switch and two or more op-
tical arms arranged to introduce different delays to re-
ceived pulses such that the switch setting determines the
delay applied to incoming pulses. The optical switch may
be arranged upstream to the two or more optical arms
and a combiner may arranged downstream to collect
pulses from the selected optical arm. Alternatively, a split-

ter may be arranged upstream to the two or more optical
arms with the optical switch arranged downstream to de-
termine from which optical arm pulses are received from.
[0017] Advantageously, pulse separation within bursts
can be adjusted by changing the length of the path length
differences, which changes the applied time delays.
[0018] In an embodiment, the sub-pulses have a pulse
duration and the or each relative time delay is at least
the pulse duration. This may ensure that pulses do not
overlap in time, thereby preserving the compressibility of
the pulse bursts.
[0019] In an embodiment, the sub-pulses have a pulse
duration and the or each relative time delay is less than
the pulse duration. Enabling pulses to overlap may ena-
ble pulse width modulation.
[0020] In an embodiment, at least one optical arm in-
cludes a variable optical attenuator. This may enable the
relative amplitudes of pulses within bursts to be adjusted
by changing relative loss between each optical path using
the variable optical attenuator. This may enable the am-
plitude envelope of pulse bursts to be controlled.
[0021] In an embodiment, the apparatus further com-
prises a pulse stretcher and a pulse compressor. The
pulse stretcher is provided before the first interleaving
stage. The pulse stretcher is configured to receive the
initial sequence of optical pulses of a first pulse duration
and is configured to stretch the optical pulses to a second,
longer pulse duration. The pulse compressor is arranged
to receive the sequence of optical pulse bursts. The sub-
pulses of the optical bursts have a first sub-pulse duration
and the pulse compressor is configured to compress the
sub-pulses to a second, shorter sub-pulse duration. The
pulse stretcher reduces the pulse peak power and there-
fore reduces the non-linear phase shift that occurs in the
optical elements within the apparatus between the pulse
stretcher and the pulse compressor.
[0022] In an embodiment, the second pulse duration
is smaller than the minimum intra-burst pulse separation,
i.e. smaller than any time delay between adjacent sub-
pulses in the burst. This allows for efficient compression
of the burst sub-pulses in the pulse compressor. The first
sub-pulse duration may be substantially equal to the sec-
ond pulse duration.
[0023] In an embodiment, the apparatus further com-
prises a pulse picker. The pulse picker may be arranged
downstream to the optical combiner and be configurable
to transmit fewer than all of the optical pulse bursts in the
sequence of optical pulse bursts. Providing a pulse picker
may enable the pulse burst repetition rate to be reduced
or the burst profile, sub-pulse number and pattern within
the burst to be adjusted. Including a pulse-picker may
therefore provide additional control over the parameters
of the burst sequence and may enable faster, or on-the-
fly, changes in parameters.
[0024] Alternatively, the pulse picker may be arranged
upstream to the first optical splitter to reduce the repeti-
tion rate of the initial sequence of optical pulses. The
pulse picker can then control the burst repetition rate
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which often is identical to the repetition rate of the initial
sequence of optical pulses.
[0025] In an embodiment, the or each time delay is
configured such that adjacent bursts are separated in
time by at least a rise time of the pulse picker. This may
allow each pulse burst to be either fully selected or fully
rejected by the pulse picker.
[0026] In an embodiment, the or each time delay is
configured such that adjacent bursts are separated in
time by at least 5ns.
[0027] Corresponding embodiments and advantages
apply to the optical pulse burst generation system and
the method described below.
[0028] An aspect of the invention provides an optical
pulse burst generation system comprising an optical
pulse generator and optical pulse burst formation appa-
ratus. The optical pulse generator is arranged to generate
an initial sequence of optical pulses. The optical pulse
burst formation apparatus comprises a first interleaving
stage and an optical combiner. The first interleaving
stage is arranged to receive an initial sequence of optical
pulses having an initial inter-pulse period. The first inter-
leaving stage comprises an optical splitter, a first optical
arm and a second optical arm. The optical splitter is con-
figured to power split each optical pulse of the initial se-
quence of optical pulses, thereby generating a first se-
quence of sub-pulses and a second sequence of sub-
pulses. The first optical arm is arranged to receive said
first sequence. The first optical arm has a first optical
path length. The second optical arm is arranged to re-
ceive said second sequence. The second optical arm
has a second optical path length, different to the first op-
tical path length by a path length difference. The path
length difference is configured to apply a time delay to
the sub-pulses of the second sequence such that a rel-
ative time delay that is substantially less than half the
initial inter-pulse period is introduced between sub-puls-
es of said first sequence and sub-pulses of said second
sequence. The optical combiner is arranged to combine
the first sequence of sub-pulses and the second se-
quence of delayed sub-pulses to thereby form a se-
quence of optical pulse bursts. Each burst comprises a
sub-pulse of the first sequence and a delayed sub-pulse
of the second sequence.
[0029] The optical pulse burst formation apparatus ad-
vantageously enables lower repetition rate optical pulse
generators to be used to generate optical pulse bursts,
which may enable optical pulse generators that generate
optical pulses having a larger bandwidth and shorter
pulse duration to be used that may not be stable operating
at higher pulse repetition rates.
[0030] An aspect of the invention provides a method
of forming optical pulse bursts. The method comprises
steps of: receiving an initial sequence of optical pulses
having an initial inter-pulse period; power splitting each
optical pulse of the initial sequence of optical pulses,
thereby generating a first sequence of sub-pulses and a
second sequence of sub-pulses; applying a time delay

to the sub-pulses of the second sequence such that a
relative time delay that is substantially less than half the
initial inter-pulse period is introduced between sub-puls-
es of said first sequence and sub-pulses of said second
sequence; and combining the first sequence of sub-puls-
es and the second sequence of delayed sub-pulses to
thereby form a sequence of optical pulse bursts, each
burst comprising a sub-pulse of the first sequence and a
delayed sub-pulse of the second sequence.
[0031] Embodiments of the invention will now be de-
scribed, by way of example only, with reference to the
accompanying drawings.

Figures 1 to 6, 8 and 9 are schematic representations
of embodiments of optical pulse burst formation ap-
paratus;
Figure 7 illustrates amplitude envelopes of optical
pulse bursts formed using the apparatus of Figures
1 to 6;
Figures 10 to 12 are schematic representations of
embodiments of optical pulse burst generation ap-
paratus; and
Figure 13 is a flow chart illustrating steps of an em-
bodiment of a method of optical pulse burst forma-
tion.

[0032] Referring to Figure 1, an embodiment of the in-
vention provides optical pulse burst formation apparatus
100 comprising a first interleaving stage 110 and an op-
tical combiner 118. The first interleaving stage 110 is
arranged to receive an initial sequence 120 of optical
pulses having an initial inter-pulse period.
[0033] The first interleaving stage comprises an optical
splitter 112, a first optical arm 114 and a second optical
arm 116. The optical splitter comprises an input, a first
output and a second output. The optical splitter may, for
example, be a fused optical fibre splitter or a bulk optic
optical splitter. The optical splitter is configured to power
split each optical pulse of the initial sequence of optical
pulses into two sub-pulses, thereby generating a first se-
quence of sub-pulses, delivered to a first output of the
optical splitter, and a second sequence of sub-pulses,
delivered to a second output of the optical splitter.
[0034] The first optical arm 114 has a first optical path
length and is coupled to the first output of the optical
splitter, to receive the first sequence of optical sub-puls-
es. The second optical arm 116 has a second optical
path length and is coupled to the second output of the
optical splitter, to receive the second sequence of optical
sub-pulses. The second optical path length is different
to the first optical path length by a path length difference.
The path length difference is configured to apply a time
delay to the sub-pulses of the second sequence such
that a relative time delay that is substantially less than
half the initial inter-pulse period is introduced between
sub-pulses of the first sequence and sub-pulses of the
second sequence.
[0035] Substantially less will be understood to mean
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more than just the manufacturing tolerance variation that
arises when delaying a pulse sequence by half the initial
inter-pulse period, (it is not practical to achieve a delay
of exactly half the initial inter-pulse period when doubling
the repetition rate, as is done in prior art systems). For
example, the initial inter-pulse period may be in the range
10 - 100ns and a relative time delay in the range 1 -20ns
introduced between the sub-pulses, in the case of fs seed
pulses, or as low as 50ps in the case of ps seed pulses.
[0036] The optical combiner 118 has a first input cou-
pled to the first optical arm, to receive the first sequence
of optical sub-pulses, a second input coupled to the sec-
ond optical arm, to receive the second sequence of de-
layed sub-pulses, and an output. The optical combiner
may, for example, be a fused optical fibre combiner or a
bulk optic combiner. The optical combiner is arranged to
combine the first sequence of sub-pulses and the second
sequence of delayed sub-pulses to form an output se-
quence 122 of optical pulse bursts. Each burst comprises
a sub-pulse of the first sequence and a delayed sub-pulse
of the second sequence.
[0037] The optical pulses and sub-pulses may be puls-
es of visible light or of light in the non-visible wavelength
regimes, including, for example, light in the infrared, IR,
or ultraviolet, UV, wavelength regime.
[0038] In an embodiment, illustrated in Figure 2, the
optical pulse burst formation apparatus 200 comprises
an additional interleaving stage 210 which is arranged to
receive the first sequence of sub-pulses and the second
sequence of delayed sub-pulses from the first interleav-
ing stage 110. The first interleaving stage 110 and the
additional interleaving stage 210 are arranged in series.
The optical combiner 118 is provided at the output of the
additional interleaving stage.
[0039] The additional interleaving stage comprises an
optical splitter 212, a third optical arm 214 and a fourth
optical arm 216. The optical splitter comprises an input,
a first output and a second output. The optical splitter
212 receives, at its input, the first sequence of sub-pulses
and the second sequence of delayed sub-pulses. The
optical splitter is configured to power split each sub-pulse
of the first sequence and to power split each delayed
sub-pulse of the second sequence, to thereby generate
a third and a fourth sequence of sub-pulses. Each of the
third and fourth sequences of sub-pulses comprise rep-
licas of the sub-pulses of the first sequence and replicas
of the delayed sub-pulses of the second sequence.
[0040] The third optical arm 214 has a third optical path
length and is coupled to the first output of the optical
splitter 212, to receive the third sequence of optical sub-
pulses. The fourth optical arm 216 has a fourth optical
path length and is coupled to the second output of the
optical splitter 212, to receive the fourth sequence of op-
tical sub-pulses. The fourth optical path length is different
to the third optical path length by a path length difference.
The path length difference is configured to apply a time
delay to the sub-pulses of the fourth sequence.
[0041] The optical combiner 118 has a first input cou-

pled to the third optical arm, to receive the third sequence
of optical sub-pulses, a second input coupled to the fourth
optical arm, to receive the fourth sequence of delayed
sub-pulses, and an output. The optical combiner 118 is
configured to combine the third sequence of sub-pulses
and the fourth sequence of delayed sub-pulses to thereby
form an output sequence 222 of optical pulse bursts.
Each pulse burst comprises sub-pulses of the third se-
quence and delayed sub-pulses of the fourth sequence,
i.e. two sub-pulses of the first sequence and two sub-
pulses of the second sequence, with the various time
delays applied to form the pulse burst.
[0042] In an embodiment, the optical pulse burst for-
mation apparatus comprises a plurality of additional in-
terleaving stages. The optical combiner is configured to
receive respective sequences of sub-pulses and delayed
sub-pulses from a final one of the additional interleaving
stages, and to combine these into optical pulse bursts,
as described above.
[0043] In an embodiment, the path length difference of
the first interleaving stage is configured to apply a time
delay to the second sub-sequence of optical pulses such
that there is a time delay of substantially less than half
the initial inter-pulse period between optical pulses of the
second sub-sequence of optical pulses and correspond-
ing optical pulses of the first sub-sequence of optical puls-
es. This enables optical pulse bursts to be formed of sub-
pulses all of which originate from the same initial optical
pulse.
[0044] Referring to Figure 3, in an embodiment the sec-
ond optical arm 316 of the optical pulse burst formation
apparatus 300 includes variable delay apparatus 320,
322, 324, 326, 328. The variable delay apparatus is con-
figurable to implement one of a plurality of path length
differences, to apply one of a plurality of time delays,
such that one of a plurality of relative time delays is in-
troduced.
[0045] In this example, the optical splitter 312 is a 50:50
optical splitter, the optical combiner is a 50:50 optical
combiner and the variable delay apparatus comprises an
input optical switch 320, four delay arms 322, 324, 326,
328 each comprising a respective delay line, d1, d2, d3,
d4, and an output optical switch 330. Each of the delay
lines has a different length, so that each of the delay arms
has a different optical path length, to apply a different
respective time delay. The delay lines may, for example,
comprise standard single mode optical fibres, polariza-
tion maintaining optical fibres, dispersion shifted optical
fibres, hollow core photonic crystal fibres, free space de-
lay lines, which may be folded with mirrors, Micro-Electro-
Mechanical Systems, MEMS, delay lines, micro-optic
electronically variable delay lines or motorized variable
free space delay lines.
[0046] The input optical switch 320 has an input and
four outputs and is selectively reconfigurable to connect
the input to any one of the four outputs, depending on
which time delay has been selected to be applied. The
output optical switch 330 has four inputs and an output
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and is selectively reconfigurable to connect any of the
four inputs to the output, depending on which time delay
has been selected to be applied.
[0047] In this example, the apparatus 300 additionally
comprises a variable optical attenuator 340 in the first
optical arm 314. The variable optical attenuator may be
a MEMs electronically variable optical fibre attenuator, a
manual mechanical fibre optic attenuator or a free space
variable attenuator, for example a variable neutral den-
sity, ND, filter or a waveplate and a polarizer. The amount
of attenuation applied to the sub-pulses of the first se-
quence may be varied using the variable optical attenu-
ator, enabling the amplitude envelope of the optical pulse
bursts to be controlled. Various amplitude envelopes that
may be produced in this way are illustrated in Figure 7.
[0048] The apparatus 300 further includes a control
system 350 configured to control the settings of the
switches 320 and the attenuation provided by the variable
attenuator 350 to enable a pulse burst to be formed with
a very wide range of burst parameters. The control sys-
tem 350 is configured to determine which of the delay
lines 322, 324, 326, 328 the input side switch 320 sends
an incoming pulse into, and determines the attenuation
provided by the variable attenuator.
[0049] The variable delay apparatus and variable at-
tenuators advantageously provide for easy and fast ad-
aptation of one or more of characteristics of the burst,
including profile, intra-burst repetition-rate, relative peak
power, and sequence of sub-pulses within burst. This
may be advantageous, for example, within materials
processing in which cutting glass may be most efficient
with one burst configuration while glass marking may be
most efficient with another burst configuration. Appropri-
ate changes to one or more characteristics of the burst
may also, for example, be made between laser process-
ing of different objects, where the optimum burst param-
eters differ for the objects.
[0050] In an embodiment, the sub-pulses have a pulse
duration and each relative time delay is equal to or greater
than the pulse duration. The minimum length of the delay
lines in the apparatus 300 of Figure 3 is therefore deter-
mined by the pulse duration. A delay of at least the pulse
duration is needed to form a sequence of pulse bursts.
[0051] In an alternative embodiment, the relative time
delay can be less than the pulse duration, so pulses over-
lap. In this case the apparatus may be used to increase
or modulate the output pulse duration as compared to
the pulse duration of the initial optical pulses.
[0052] Referring to Figure 4, an embodiment provides
optical pulse burst formation apparatus 400 configurable
to vary the number of sub-pulses, the period between
sub-pulses (the "inter-sub-pulse period") and the ampli-
tude of the sub-pulses within a burst. The apparatus 400
comprises a first interleaving stage 310 and two addition-
al interleaving stages 410, 412. The interleaving stages
310, 410, 412 are arranged in series.
[0053] All three interleaving stages 310, 410, 412 have
the same structure, as described with reference to Figure

3. In addition, the attenuation of the variable optical at-
tenuators 340 may be set to zero, to effectively make the
first optical arm 314 of each stage a bypass arm.
[0054] The control system 450 is configured to control
the settings of the switches 320 and the attenuation pro-
vided by the variable attenuators 340 in each interleaving
stage, to enable a pulse burst to be formed with a very
wide range of burst parameters. The control system 450
is configured to determine which of the delay lines 322,
324, 326, 328 the input side switch 320 sends an incom-
ing pulse into, in each interleaving stage.
[0055] Formation of pulse bursts can be seen from the
inset pulse graphs a), b) and c) of Figure 4. In Figure 4a,
the pulse on the right has been transmitted along the first
optical arm 314 of the first interleaving stage and has had
an attenuation A applied to it by the variable optical at-
tenuator VA 340. The pulse on the left has been trans-
mitted along the first, shortest, delay arm 322 and has
had a time delay d1 applied to it.
[0056] The two pulses then proceed to the second in-
terleaving stage, where they are power split as described
above, sending respective sequences of two sub-pulses,
each comprising a replica of both sub-pulses output from
the first interleaving stage, into the first optical arm 314
and the second optical arm 316 of the second interleaving
stage 410. The pulses on the right of Figure 4b have been
transmitted along the first optical arm 314 and have had
a further attenuation A applied to them. The pulses on
the left of Figure 4b have been transmitted along the sec-
ond optical arm 316, along the second delay arm 326
and have had a time delay d2 applied to them.
[0057] The four pulses then proceed to the third inter-
leaving stage, where they are power split as described
above, sending respective sequences of four sub-pulses,
each comprising a replica of the four sub-pulses output
from the second interleaving stage, into the first optical
arm 314 and the second optical arm 316 of the third in-
terleaving stage 412. The pulses on the right of Figure
4c have been transmitted along the first optical arm 314
and have had a further attenuation A applied to them.
The pulses on the left of Figure 4c have been transmitted
along the second optical arm 316, along the third delay
arm 328 and have had a time delay d3 applied to them.
[0058] The sequence of attenuated sub-pulses output
from the first arm of the third interleaving stage are com-
bined with the delayed sub-pulses output from the sec-
ond arm of the third interleaving stage in the optical com-
biner 318, provided after the third interleaving stage, to
form a sequence of optical pulse bursts.
[0059] Referring to Figure 5, an embodiment provides
optical pulse burst formation apparatus 500 configurable
to vary the number of sub-pulses, the period between
sub-pulses (the "inter-sub-pulse period") and the ampli-
tude of the sub-pulses within a burst. Similarly to the ap-
paratus 400 of Figure 4, the apparatus 500 of this em-
bodiment comprises a first interleaving stage 310 and
two additional interleaving stages 410, 412.
[0060] In this embodiment, the first interleaving stage
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310 and one additional interleaving stage 410 are con-
nected in series, with the second additional interleaving
stage 412 connected in parallel to them, via an additional
optical splitter 512 and an additional optical combiner
518.
[0061] The additional optical splitter 512 comprises an
input, a first output and a second output. The additional
optical splitter is a 70:30 optical splitter configured to pow-
er split each optical pulse of the initial sequence of optical
pulses in a 70:30 ratio, thereby generating a first se-
quence of sub-pulses having 70% of the input pulse am-
plitude, delivered to a first output of the optical splitter,
and a second sequence of sub-pulses, having 30% of
the input pulse amplitude, delivered to a second output
of the optical splitter. The input of the optical splitter 312
of the first interleaving stage is coupled to the first output
of the additional optical splitter 512 and the input of the
optical splitter 312 of the second additional interleaving
stage 412 is coupled to the second output of the addi-
tional optical splitter 512. The sequence of 70% power
sub-pulses, i.e. having the higher optical power, is deliv-
ered to the series of interleaving stages 310, 410, since
these sub-pulses will undergo additional power splitting
compared to those transmitted to the second additional
interleaving stage 412.
[0062] The control system 450 is configured to control
the settings of the switches 320 and the attenuation pro-
vided by the variable attenuators 340 in each interleaving
stage, to enable a pulse burst to be formed with a very
wide range of burst parameters. The control system 450
is configured to determine which of the delay lines 322,
324, 326, 328 the input side switch 320 sends an incom-
ing pulse into, in each interleaving stage. The connec-
tions between the control system and the switches and
variable attenuators are not show in Figure 5 for reasons
of clarity.
[0063] Referring to Figure 6, an embodiment provides
optical pulse burst formation apparatus 600 configurable
to vary the number of sub-pulses, the period between
sub-pulses (the "inter-sub-pulse period") and the ampli-
tude of the sub-pulses within a burst. Similarly to the ap-
paratus 400 of Figure 4, the apparatus 600 of this em-
bodiment comprises a first interleaving stage 610 and
two additional interleaving stages 612, 614. The two ad-
ditional interleaving stages 612, 614 are arranged in par-
allel and the first interleaving stage 610 is provided in
series with the parallel additional interleaving stages 612,
614, connected by a 50:50 optical splitter 312. An addi-
tional optical combiner 318 is provided to combine the
sequences of optical sub-pulses output from the first and
second additional interleaving stages.
[0064] In this embodiment, the first optical arm 314 of
each interleaving stage 610, 612, 614 comprises a var-
iable optical attenuator 340 and the second optical arm
316 of each interleaving stage comprises a variable op-
tical attenuator 340 and a delay line. The delay lines have
respective, different lengths to apply respective, different
time delays d1, d2, d3. A fourth delay line, configured to

apply a time delay d4, is provided following the optical
combiner 318 of the second additional interleaving stage
614. A relative time delay may thereby be applied be-
tween the sequence of optical pulse bursts output from
the first additional interleaving stage 612 and the se-
quence of optical pulse bursts output from the second
additional interleaving stage 614, before being combined
by the final optical combiner 318.
[0065] The apparatus 600 may include a control sys-
tem 650 configured to control the attenuation provided
by the variable attenuators 340 in each interleaving
stage, to enable a pulse burst to be formed with a very
wide range of amplitude envelopes. The connections be-
tween the control system and the variable attenuators
are not show in Figure 6 for reasons of clarity.
[0066] Figure 7 illustrates various optical pulse burst
amplitude envelopes which may be formed using the op-
tical pulse burst formation apparatus 300, 400, 500, 600
described above.
[0067] In an embodiment, illustrated in Figure 8, the
optical pulse burst formation apparatus 800 further com-
prises first and second optical amplifiers 814, 816, a pulse
stretcher 810 and a pulse compressor 812. The pulse
stretcher 810 and the first amplifier 814 are provided be-
fore the first interleaving stage. The second amplifier 816
and the pulse compressor 812 are provided after the op-
tical combiner 118, arranged to receive the sequence of
optical pulse bursts output from the optical combiner 118.
[0068] The pulse stretcher 812 is configured to receive
the initial sequence of optical pulses, having a first pulse
duration, and is configured to stretch the optical pulses
to a second, longer pulse duration. The pulse stretcher
reduces the pulse peak power by increasing the pulse
width/duration. This has the advantage of reducing the
impact of non-linear phase shift in the optical amplifiers
814, 816 between the pulse stretcher and the pulse com-
pressor. The sub-pulses of the optical pulse bursts re-
ceived by the pulse compressor 814 have a first sub-
pulse duration (generally, the second pulse duration) The
pulse compressor is configured to compress the sub-
pulses to a second, shorter sub-pulse duration, which
may be shorter than the first pulse duration, to increase
the pulse peak power.
[0069] In an embodiment, illustrated in Figure 9, the
optical pulse burst formation apparatus 900 further com-
prises a pulse picker 910, arranged to receive the se-
quence of optical pulse bursts from the optical combiner
118. The pulse picker is configurable to transmit fewer
than all of the optical pulse bursts, i.e. to pick some of
the pulse bursts and to reject/block others. In this way
the optical pulse burst repetition rate may be reduced.
[0070] In an embodiment, the or each time delay that
is applied is configured such that adjacent bursts are sep-
arated in time by at least a rise time of the pulse picker.
The time delays may be configured such that adjacent
bursts are separated in time by at least 5ns, around 5-6ns
being a typical rise time of an optical modulator that may
be used as a pulse picker.
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[0071] In an alternative embodiment, the pulse picker
is arranged upstream to the first optical splitter to reduce
the repetition rate of the initial sequence of optical pulses.
The pulse picker can then control the burst repetition rate
which often is identical to the repetition rate of the initial
sequence of optical pulses. Providing the pulse picker
upstream may remove the limit on the burst envelope
width being >5 ns smaller that the initial inter-pulse peri-
od. If you pulse pick down to, say, 1 MHz before the burst
formation apparatus, a much larger range of possible de-
lay lines may be used, for example 1 - 500ns instead of
1 - 20ns.
[0072] Referring to Figure 10, an embodiment provides
an optical pulse generation system 1000 comprising an
optical pulse generator 1010 and optical pulse burst for-
mation apparatus 100.
[0073] The optical pulse generator 1010 is arranged
to generate an initial sequence of optical pulses. The
optical pulse burst formation apparatus 100, as described
above with reference to Figure 1, is arranged to receive
the initial sequence of optical pulses from the optical
pulse generator and form optical pulse bursts. It will be
appreciated that any of the optical pulse burst formation
apparatus 200, 300, 400, 500, 600, 800, 900 described
above may alternatively be used.
[0074] The optical pulse generator may, for example,
be a modelocked oscillator, a pulsed laser, a laser and
an amplifier, or a laser and a fiber amplifier. It is config-
ured to generate an initial sequence of optical pulses with
a pulse width in the order of femtoseconds, picosecond
or nanoseconds. The initial sequence of optical pulses
comprises an initial number of optical pulses within a pre-
defined time period n·T, where T is the pulse period and
is inversely proportional to the pulse repetition rate of the
initial sequence of optical pulses and n is a natural
number.
[0075] In an embodiment, as illustrated in Figure 11,
the optical pulse generation system 1100 comprises a
modelocked oscillator 1110 as the optical pulse genera-
tor, optical pulse burst formation apparatus 200 as de-
scribed above with reference to Figure 2 and amplifiers
1112. The system 1100 is suitable for generating optical
pulse bursts for quasi continuous wave, QCW, applica-
tions.
[0076] The amplifiers 1112 are provided after the op-
tical pulse burst formation apparatus 200 and are con-
figured to amplify the sub-pulses in the optical pulse
bursts 222, to compensate for any optical losses in the
optical pulse burst formation apparatus 200.
[0077] In an embodiment, where optical pulse burst
formation apparatus 300, 400, 500, 600 comprising one
or more variable attenuators is used, the variable atten-
uators may be configured to compensate for gain satu-
ration effects in the downstream optical amplifiers 1112,
such that the burst envelope after the amplifiers has a
flat-topped shape i.e. the sub-pulses within the burst en-
velope have equal amplitudes.
[0078] In an embodiment, as illustrated in Figure 12,

the optical pulse generation system 1200 further com-
prises a pulse picker, in the form of an optical modulator
1210, and a further amplifier stage 1112 after the optical
modulator. The optical modulator enables the pulse burst
repetition rate to be reduced and the pulse energy to be
increased with subsequent amplification stages. Gener-
ally, the lower the repetition rate, the more pulse energy
can be extracted from an optical amplifier, due to the
greater stored energy (population inversion density) with-
in the amplifier, for a given average power of the pulsed
output.
[0079] A pulse picker is a device that "picks" or selects
some of the pulses in a sequence of pulses, or, as in this
case, some of the burst in the optical pulse burst se-
quence, thereby reducing (or keeping unaltered if all the
pulses are selected) the repetition rate of the sequence
of pulse bursts. A pulse picker is a standard optical device
and an acousto-optic or electro-optic modulator can be
used for this purpose.
[0080] In an embodiment, a further amplifier stage may
be provided between the modelocked oscillator and the
optical pulse burst formation apparatus 200 to overcome
any optical losses in the optical pulse burst formation
apparatus.
[0081] An embodiment of the invention provides a
method 1300 of forming optical pulse bursts, as illustrat-
ed in Figure 13.
[0082] The method comprises receiving 1310 an initial
sequence of optical pulses having an initial inter-pulse
period. The method proceeds to power splitting 1312
each optical pulse of the initial sequence of optical pulses,
thereby generating a first sequence of sub-pulses and a
second sequence of sub-pulses. The method comprises
applying 1314 a time delay to the sub-pulses of the sec-
ond sequence such that a relative time delay of that is
substantially less than half the initial inter-pulse period is
introduced between sub-pulses of said first sequence
and sub-pulses of said second sequence. The method
comprises combining 1316 the first sequence of sub-
pulses and the second sequence of delayed sub-pulses
to thereby form a sequence of optical pulse bursts. Each
burst comprises a sub-pulse of the first sequence and a
delayed sub-pulse of the second sequence.
[0083] In an embodiment, the method comprises tak-
ing an incoming pulse train from a free running optical
pulse source, such as a mode-locked oscillator, and pow-
er splitting and combining (interleaving) the pulse train
with delay lines such that the time gaps between recom-
bined pulses are not equal. By this method it is possible
to produce bursts of very closely spaced sub-pulses,
closer than is possible by prior art methods. The method
also enables time gaps to be formed between adjacent
bursts which are long enough to allow a conventional
optical modulator, such as a fibre coupled AOM, to switch
states from open to closed and thereby pulse-pick down
to lower burst repetition rates so that the bursts can be
amplified to high energy. The number of sub-pulses in a
burst, the space between sub-pulses in the bursts and
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the relative amplitudes of sub-pulses within the bursts
can all be adjusted by changing the number of interleav-
ing stages, the length of the delay lines and the relative
loss between each optical path (using variable attenua-
tors), as described above with reference to Figures 2 to 7.

Items:

[0084]

1. Optical pulse burst formation apparatus (100, 200,
300, 400, 500, 600, 800, 900) comprising:

a first interleaving stage (110, 310, 610) ar-
ranged to receive an initial sequence (120) of
optical pulses having an initial inter-pulse peri-
od, the first interleaving stage comprising:

an optical splitter (112, 312) configured to
power split each optical pulse of the initial
sequence of optical pulses, thereby gener-
ating a first sequence of sub-pulses and a
second sequence of sub-pulses;
a first optical arm (114, 314) arranged to
receive said first sequence, the first optical
arm having a first optical path length; and
a second optical arm (116, 316) arranged
to receive said second sequence, the sec-
ond optical arm having a second optical
path length, different to the first optical path
length by a path length difference, the path
length difference configured to apply a time
delay to the sub-pulses of the second se-
quence such that a relative time delay that
is substantially less than half the initial inter-
pulse period is introduced between sub-
pulses of said first sequence and sub-puls-
es of said second sequence; and

an optical combiner (118, 318) arranged to com-
bine the first sequence of sub-pulses and the
second sequence of delayed sub-pulses to
thereby form a sequence (122) of optical pulse
bursts, each burst comprising a sub-pulse of the
first sequence and a delayed sub-pulse of the
second sequence.

2. The apparatus of item 1, comprising an additional
interleaving stage (210, 410, 612, 614) arranged to
receive the first sequence of sub-pulses and the sec-
ond sequence of delayed sub-pulses, said additional
interleaving stage comprising:

an optical splitter (212, 312) configured to power
split each sub-pulse of the first sequence and
configured to power split each delayed sub-
pulse of the second sequence, thereby gener-
ating a third sequence of sub-pulses and a fourth

sequence of sub-pulses, the sub-pulses of each
said sequence comprising replicas of the sub-
pulses of both the first and second sequences;
a third optical arm (214) arranged to receive said
third sequence, the third optical arm having a
third optical path length; and
a fourth optical arm (216) arranged to receive
said fourth sequence, the fourth optical arm hav-
ing a fourth optical path length, different to the
third optical path length by a path length differ-
ence, the path length difference configured to
apply a time delay to the sub-pulses of the fourth
sequence,
wherein the optical combiner (118, 318) is con-
figured to combine the third sequence of sub-
pulses and the fourth sequence of delayed sub-
pulses to thereby form a sequence (222) of op-
tical pulse bursts each comprising sub-pulses
of the third sequence and delayed sub-pulses
of the fourth sequence.

3. The apparatus of item 2, comprising a plurality of
said additional interleaving stages (410, 412, 612,
614), wherein the optical combiner is configured to
receive from a final said additional interleaving stage
respective sequences of sub-pulses and delayed
sub-pulses.

4. The apparatus of item 2 or item 3, wherein a plu-
rality of said interleaving stages are arranged in se-
ries and/or a plurality of said interleaving stages are
arranged in parallel.

5. The apparatus of any preceding item, wherein the
path length difference of the first interleaving stage
is configured to apply a time delay to the second sub-
sequence of optical pulses such that there is a time
delay of substantially less than half the initial inter-
pulse period between optical pulses of the second
sub-sequence of optical pulses and corresponding
optical pulses of the first sub-sequence of optical
pulses.

6. The apparatus of any preceding item, wherein at
least one optical arm includes variable delay appa-
ratus (320, 322, 324, 326, 328) configurable to im-
plement one or more of a plurality of path length dif-
ferences, to apply one or more of a plurality of time
delays, such that one or more of a plurality of relative
time delays is introduced.

7. The apparatus of any preceding item, wherein the
variable delay apparatus comprises an optical switch
and two or more optical arms arranged to introduce
different delays to received pulses such that the
switch setting determines the delay applied to incom-
ing pulses.
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8. The apparatus of any preceding item, wherein the
sub-pulses have a pulse duration and wherein the
or each relative time delay is at least the pulse du-
ration.

9. The apparatus of any preceding item, wherein at
least one optical arm includes a variable optical at-
tenuator (340).

10. The apparatus of preceding item, further com-
prising:

a pulse stretcher (812) provided before the first
interleaving stage, the pulse stretcher config-
ured to receive the initial sequence of optical
pulses of a first pulse duration and configured
to stretch the optical pulses to a second, longer
pulse duration; and
a pulse compressor (814) arranged to receive
the sequence of optical pulse bursts, the sub-
pulses of the optical bursts having a first sub-
pulse duration, and configured to compress the
sub-pulses to a second, shorter sub-pulse du-
ration.

11. The apparatus of any preceding item, further
comprising a pulse picker (910) configurable to
transmit fewer than all of the optical pulse bursts in
the sequence of optical pulse bursts.

12. The apparatus of item 11, wherein the or each
time delay is configured such that adjacent bursts
are separated in time by at least a rise time of the
pulse picker.

13. The apparatus of any preceding item, wherein
the or each time delay is configured such that adja-
cent bursts are separated in time by at least 5ns.

14. An optical pulse burst generation system (1000,
1100, 1200) comprising:

an optical pulse generator (1010, 1110) ar-
ranged to generate an initial sequence of optical
pulses; and
optical pulse burst formation apparatus (100,
200, 300, 400, 500, 600, 800, 900) according to
any of claims 1 to 12.

15. A method (1300) of forming optical pulse bursts,
the method comprising steps of:

receiving (1310) an initial sequence of optical
pulses having an initial inter-pulse period;
power splitting (1312) each optical pulse of the
initial sequence of optical pulses, thereby gen-
erating a first sequence of sub-pulses and a sec-
ond sequence of sub-pulses;

applying (1314) a time delay to the sub-pulses
of the second sequence such that a relative time
delay that is substantially less than half the initial
inter-pulse period is introduced between sub-
pulses of said first sequence and sub-pulses of
said second sequence; and
combining (1316) the first sequence of sub-puls-
es and the second sequence of delayed sub-
pulses to thereby form a sequence of optical
pulse bursts, each burst comprising a sub-pulse
of the first sequence and a delayed sub-pulse
of the second sequence.

Claims

1. Optical pulse burst formation apparatus (100, 200,
300, 400, 500, 600, 800, 900) comprising:

a first interleaving stage (110, 310, 610) ar-
ranged to receive an initial sequence (120) of
optical pulses having an initial inter-pulse peri-
od, the first interleaving stage comprising:

an optical splitter (112, 312) configured to
power split each optical pulse of the initial
sequence of optical pulses, thereby gener-
ating a first sequence of sub-pulses and a
second sequence of sub-pulses;
a first optical arm (114, 314) arranged to
receive said first sequence, the first optical
arm having a first optical path length; and
a second optical arm (116, 316) arranged
to receive said second sequence, the sec-
ond optical arm having a second optical
path length, different to the first optical path
length by a path length difference, the path
length difference configured to apply a time
delay to the sub-pulses of the second se-
quence such that a relative time delay that
is substantially less than half the initial inter-
pulse period is introduced between sub-
pulses of said first sequence and sub-puls-
es of said second sequence; and

an optical combiner (118, 318) arranged to com-
bine the first sequence of sub-pulses and the
second sequence of delayed sub-pulses to
thereby form a sequence (122) of optical pulse
bursts, each burst comprising a sub-pulse of the
first sequence and a delayed sub-pulse of the
second sequence wherein at least one optical
arm includes:

- a variable optical attenuator (340), and/or
- a variable delay apparatus (320, 322, 324,
326, 328) configurable to implement one or
more of a plurality of path length differences,
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to apply one or more of a plurality of time
delays, such that one or more of a plurality
of relative time delays is introduced.

2. Apparatus as claimed in claim 1, wherein the variable
delay apparatus comprises an optical switch and two
or more optical arms arranged to introduce different
delays to received pulses such that the switch setting
determines the delay applied to incoming pulses.

3. Apparatus as claimed in claim 1 or 2, comprising an
additional interleaving stage (210, 410, 612, 614) ar-
ranged to receive the first sequence of sub-pulses
and the second sequence of delayed sub-pulses,
said additional interleaving stage comprising:

an optical splitter (212, 312) configured to power
split each sub-pulse of the first sequence and
configured to power split each delayed sub-
pulse of the second sequence, thereby gener-
ating a third sequence of sub-pulses and a fourth
sequence of sub-pulses, the sub-pulses of each
said sequence comprising replicas of the sub-
pulses of both the first and second sequences;
a third optical arm (214) arranged to receive said
third sequence, the third optical arm having a
third optical path length; and
a fourth optical arm (216) arranged to receive
said fourth sequence, the fourth optical arm hav-
ing a fourth optical path length, different to the
third optical path length by a path length differ-
ence, the path length difference configured to
apply a time delay to the sub-pulses of the fourth
sequence,
wherein the optical combiner (118, 318) is con-
figured to combine the third sequence of sub-
pulses and the fourth sequence of delayed sub-
pulses to thereby form a sequence (222) of op-
tical pulse bursts each comprising sub-pulses
of the third sequence and delayed sub-pulses
of the fourth sequence.

4. Apparatus as claimed in claim 3, comprising a plu-
rality of said additional interleaving stages (410, 412,
612, 614), wherein the optical combiner is configured
to receive from a final said additional interleaving
stage respective sequences of sub-pulses and de-
layed sub-pulses.

5. Apparatus as claimed in claim 3 or claim 4, wherein
a plurality of said interleaving stages are arranged
in series and/or a plurality of said interleaving stages
are arranged in parallel.

6. Apparatus as claimed in any preceding claim, where-
in the path length difference of the first interleaving
stage is configured to apply a time delay to the sec-
ond sub-sequence of optical pulses such that there

is a time delay of substantially less than half the initial
inter-pulse period between optical pulses of the sec-
ond sub-sequence of optical pulses and correspond-
ing optical pulses of the first sub-sequence of optical
pulses.

7. Apparatus as claimed in any preceding claim, where-
in the sub-pulses have a pulse duration and wherein
the or each relative time delay is at least the pulse
duration.

8. Apparatus as claimed in any preceding claim, further
comprising:

a pulse stretcher (812) provided before the first
interleaving stage, the pulse stretcher config-
ured to receive the initial sequence of optical
pulses of a first pulse duration and configured
to stretch the optical pulses to a second, longer
pulse duration; and
a pulse compressor (814) arranged to receive
the sequence of optical pulse bursts, the sub-
pulses of the optical bursts having a first sub-
pulse duration, and configured to compress the
sub-pulses to a second, shorter sub-pulse du-
ration.

9. Apparatus as claimed in any preceding claim, further
comprising a pulse picker (910) configurable to
transmit fewer than all of the optical pulse bursts in
the sequence of optical pulse bursts.

10. Apparatus as claimed in claim 8, wherein the or each
time delay is configured such that adjacent bursts
are separated in time by at least a rise time of the
pulse picker.

11. Apparatus as claimed in any preceding claim, where-
in the or each time delay is configured such that ad-
jacent bursts are separated in time by at least 5ns.
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